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Precise regulation of a dynamic actin cytoskeleton is an essential function of animal cells 
without which vesicle trafficking, cytokinesis, cell adhesion and cell movement would be 
impossible. Therefore, understanding the mechanisms underlying actin dynamics is 
fundamental for understanding basic cellular biology as well as gaining insight into 
mechanisms of embryonic development, tissue homeostasis and regeneration, and 
pathological processes such as inflammation and tumor metastasis.  
Actin filaments are a major source of the protrusive and contractile forces that 
drive many cellular behaviors. Contractile forces require the action of non-muscle myosin 
II, which assembles onto actin filaments to form acto-myosin. The interaction between 
actin and myosin can occur spontaneously in vitro, but in cells it is regulated by 
accessory proteins including Tropomyosins (Tms). A complete understanding of Tm 
function has been elusive due in part to the large number of isoforms: 44 predicted 
isoforms from 4 genes in humans. 
The goal of this study was to decipher the functional roles of different Tm 
isoforms at the molecular, cellular and tissue levels in vivo. Drosophila egg chambers are 
a genetically tractable system that expresses far fewer Tm isoforms than mammalian 
cells. We identified three tropomyosin isoforms expressed in follicle cells, including one 
previously annotated as muscle-specific. We generated and characterized isoform-
specific antibodies, RNAi lines, and mutant alleles, and discovered that they function 
non-redundantly in the two cell types we studied: border cells, a well-studied example of 
collective migration, and epithelial follicle cells, which develop contractile stress fibers 
that shape the egg chamber.  
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We also found that Tm mutations interact genetically with Psidin, a conserved but 
poorly characterized protein that we found regulates lamellipodia dynamics in both 
Drosophila and mammalian cells. Although strong loss-of-function mutations in either 
Tm or Psidin inhibit border cell migration individually, mutation of Tm suppresses the 
Psidin mutant phenotype. Furthermore, in a biochemical assay, we showed that Psidin 
inhibited Tm protein binding to actin filaments. Taken together this work has generated 
reagents that will be generally useful in deciphering Tm isoform functions in vivo in 
Drosophila, has revealed isoform-specific functions, and has revealed a novel genetic and 
biochemical interaction. 
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The actin cytoskeleton is involved in crucial cellular activities, including cell migration, 
intracellular trafficking, cytokinesis, and many more. Therefore, understanding how the 
actin cytoskeleton is regulated is fundamental for a comprehensive understanding of 
basic cell biology. In this introduction, different actin structures such as lamellipodia 
protrusions, stress fibers, and adhesion complexes are introduced and their regulation by 
actin binding proteins are briefly described. These are summaries of well-characterized 
proteins and pathways from in vitro studies, using cell culture and biochemical assays. 
Although many findings from in vitro studies may be applied to reveal complex 
regulation in vivo, not much is known regarding in vivo regulation of the actin 
cytoskeleton. To begin to investigate this question, we first introduce our in vivo model 
system, the Drosophila egg chamber. I will specifically focus on border cell migration 
and our thorough knowledge on how collective cell migration is regulated. Lastly, I am 
going to introduce another tissue in the egg chamber, the epithelial follicle cells. While 
actin bundles in follicle cells of Drosophila egg chamber were observed a long time ago, 
these structures were not extensively studied until recently. Live imaging techniques and 
sophisticated genetic manipulations have revealed that the actin bundles are dynamic and 
that their regulation is tightly regulated by cell-cell interaction and cell-extracellular 
matrix interactions. Disruption in these interactions may cause changes in tissue shape 




I. Actin cytoskeleton 
 
Different actin structures and cell migration 
 
The human body is composed of more than 300 different cell types. These cell types not 
only have unique shapes, but also serve distinct functions, and proper function requires 
appropriate structure. The cytoskeleton, which is composed of microtubules, intermediate 
filaments, and actin filaments, plays a major role in regulating cellular architecture and 
function. Alterations in cytoskeletal morphology are characteristic of transformed cancer 
cells, neurological disorders, and other numerous diseases. 
Actin is one of the most abundant proteins in eukaryotic cells. Actin filaments are 
dynamic.  For example, dynamic actin structures, including lamellipodia, filopodia, focal 
adhesions, and stress fibers, play a major role during cell migration. Protrusion occurs in 
response to migratory or chemotactic stimuli in the region called lamellipodia where 
intricate branching and dynamic actin can be seen. Members of the Rho family of 
GTPases stimulate production of different types of actin structures. For example, the Rac 
GTPase activates the Arp2/3 complex and is involved in membrane ruffling in 
lamellipodia. Filopodia, are spike like protrusions regulated by Cdc42. Rho promotes 
stress fiber formation, such as transverse arcs and ventral stress fibers (Nobes and Hall, 
1995) (Figure 1).  
Stress fibers are composed of actin filaments bundled by actin binding proteins 
such as α-actinin. These contractile bundles end in focal adhesion complexes that connect 
actin filaments to the ECM (Naumanen et al., 2008). Stress fibers are easily seen in 
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cultured fibroblasts, smooth muscle, and many cancer cell lines. In these cultured cells, 
different kinds of stress fibers can be seen depending on their localization and function 
and can be categorized as dorsal, ventral, or transverse arcs. A defining feature of stress 
fibers is their contractility, which is controlled by ATP-driven myosin. Phosphorylation 
of the myosin light chain is required for this contractility; this is controlled by at least two 
independent pathways: Ca2+/calmodulin and Rho dependent.  Ca2+/calmodulin activates 
the myosin light chain kinase (MLCK), which then phosphorylates the myosin light 
chain. Rho GTPase either directly phosphorylates the myosin light chain or is involved 
indirectly, by inhibiting the activity of phosphorylation of myosin light chain phosphatase 
(Katoh et al., 2001a; Katoh et al., 2001b). Recent studies show that stress fibers also 
contain distinct tropomyosin isoforms with non-redundant functions to recruit the myosin 
light chains (Tojkander et al., 2011). However, the detailed contributions of tropomyosin 
isoforms to actomyosin function in distinct cell types in vivo remain to be elucidated.  
 
Different actin binding proteins and their functions 
 
To date, at least 160 actin-binding proteins have been identified to function in regulating 
actin monomers, actin filament turnover, and higher order actin filament formation. Actin 
monomers (G-actin) spontaneously assemble into double helical filaments (F-actin). The 
building of actin filaments is asymmetric, with one fast growing end (barbed end) and 
one end with higher depolymerizing activity (pointed end). Actin polymerization and 
depolymerization are tightly regulated by actin binding proteins (Figure 2).  
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Extracellular signaling such as growth factors, cytokines, and hormones bind to 
surface receptors that activate intracellular Rho GTPases such as Rho, Rac and Cdc42. 
Downstream effectors of Rho GTPases are known as nucleation promoting factors (NPF), 
such as WASP/WAVE, which play a crucial role in nucleating Arp 2/3 complexes. 
Activated Arp2/3 complex binds to existing actin filaments to promote new branch 
formation. Due to abundant Arp2/3 complexes and actin polymerization activity, many 
branched actin filamentous networks are observed right beneath the leading edge of a 
protruding cell. These new filaments and their polymerization provide force for 
membrane protrusion. Capping proteins bind to barbed ends of actin filaments to inhibit 
addition or loss of actin monomers. Profilin, a G-actin binding protein, promotes ADP-
ATP exchange of G-actin and its addition at barbed ends, facilitating actin 
polymerization. Depolymerization occurs at the pointed end of the actin filament. 
Severing activity of cofilin is important not only for regulation of depolymerization, but 
also for continued rapid growth in the barbed end, as dissociated actin subunits replenish 
the pool of free monomers. In addition, severing provides new barbed ends and new sites 
available for branching activity, further promoting dynamics in the actin network 
(DesMarais et al., 2005) The polymerized actin filaments are stabilized by Tropomyosin, 
which forms coiled-coil dimers and binds to the actin filament to inhibit actin filament 
depolymerization. The stabilized filaments are bundled into higher order structures with 
the help of bundling or crosslinking proteins such as fascin, fimbrin, and α-actinin.  
Much knowledge has been accumulated about the regulation of actin filaments 
during cell migration in vitro. Utilizing cell cultures and biochemical assays has been 
successful to identify many actin-regulating proteins. Although these in vitro studies are 
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indispensable, cells do not all behave as is observed in cell cultures, so we set out to 
investigate the functions of Tm isoforms in vivo using the Drosophila ovary as a model. 
 
II. Drosophila egg chamber as a model organism 
 
Border cell migration 
 
Drosophila females have two ovaries, each composed of ~16 ovarioles. The ovariole is a 
string of developing egg chambers from the tip – the germarium - where the follicle stem 
cells and germline stem cells reside, to the final product, the egg (Figure 3).  In between 
there are 14 stages of egg chamber development. Each egg chamber contains 16 germline 
cells surrounded by an epithelium composed of somatic follicle cells. During stage nine, 
six to 10 follicle cells called border cells form a cluster and delaminate from the anterior 
of the egg chamber, migrate in between the nurse cells, and reach the border of the oocyte 
by stage 10. Later, these cells participate in making the micropyle, a structure that is 
required for sperm entry (Montell et al., 1992). Thus, incomplete border cell migration 
results in female sterility. 
The border cell cluster contains two non-migratory polar cells in the middle 
surrounded by six to eight migratory cells. The polar cells secrete the cytokine Unpaired, 
which activates JAK/STAT signaling and specifies the migratory fate (Silver and 
Montell, 2001). Ectopic polar cells induce neighboring cells to form migratory border 
cells (Bai and Montell, 2002; Liu and Montell, 1999). STAT activates 200 or more direct 
and indirect downstream target genes such as slbo, armadillo (Drosophila β-catenin), and 
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DE-cadherin, which are required for migration. The JAK/STAT maintains both cell fate 
and motility (Montell, 2003). These were the first studies to implicate JAK/STAT 
signaling in motility. Subsequent studies have confirmed this role for JAK/STAT in 
ovarian (Silver et al., 2004) and prostate cancer and in a variety of normal, developmental 
migrations (Hou et al., 2002). 
The timing of cluster formation and delamination is determined by a steroid 
hormone called Ecdysone and a steroid hormone receptor co-activator, Taiman. Ecdysone 
level surges in stage 9 when border cells start to delaminate and peaks at stage 10 when 
border cells reach the oocyte. Defects in Taiman or level of Ecdysone cause border cell 
migration defect (Bai et al., 2000; Jang et al., 2009).  
For collective migration, border cells must first maintain the cluster through cell-
cell adhesions, a major component of which is a protein called DE-cadherin. Early 
studies show that disruption in DE-cadherin activity in border cells or the nurse cells 
results in border cell migration defect (Niewiadomska et al., 1999) however the reasons 
for the defect were unclear. Recently, DE-cadherin’s has been shown to play three 
distinct roles in promoting the collective directional migration of the border cell cluster 
(Cai et al., 2014). Specifically, DE-cadherin and Rac are involved in a positive feedback 
loop to amplify guidance receptor signaling at the leading edge, which promotes forward-
directed border cell migration. Secondly, DE-cadherin in junctions between individual 
migrating border cells mechanically couples the leading cell to the following cells which 
is necessary for communication of directional information. Thirdly, DE-cadherin 
functions in between polar cells and outer, migratory cells to hold the cluster together.  
 8 
Actin regulatory pathways are also involved during border cell migration. When 
the border cells migrate, the cluster extends prominent forward-directed protrusions 
(Fulga and Rorth, 2002; Prasad and Montell, 2007). Rac activity in the leader cell of the 
border cell cluster is required for directional border cell migration (Murphy and Montell, 
1996; Wang et al., 2010). Many other actin-regulating proteins found to function in single 
cell migration in cultured cells were also shown to play a role in border cell migration in 
vivo. For example, Profilin, a conserved protein known to bind to actin monomers, 
promotes protrusions in border cells (Verheyen and Cooley, 1994). Cofilin is required for 
actin turnover and lamellipodial protrusion of border cells (Chen et al., 2001; Zhang et 
al., 2011). Other actin regulators such as SCAR/WAVE, Arp2/3, and Enabled were also 
found to play intricate roles in border cell migration (Gates et al., 2009; Poukkula et al., 
2014) 
 
Epithelial follicle cells – organization and regulation  
 
The Drosophila egg chamber is composed of 16 germline cells enclosed in approximately 
1000 somatic follicle cells. The germ cells differentiate into 15 nurse cells and one 
oocyte, which later develops into an egg. The follicle cells secrete eggshell proteins and 
patterning signals to the oocyte, which is required for normal embryo development 
(Poulton and Deng, 2007).  
 During oogenesis, the follicle cells experience dramatic changes in their 
morphology. The follicle cells are cuboidal as egg chambers emerge from the germarium. 
However, as the egg chamber develops, the follicle cells show collective migration 
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towards the oocyte, forming a columnar shape while the anterior follicle cells flatten to 
form a squamous shape to enclose the nurse cells. 
The epithelial follicle cells are polarized, with the apical side facing the oocyte 
and the basal layer touching the extracellular matrix (ECM) (Figure 4).  The cell-ECM 
interaction occurs in focal adhesion complexes localized near the basal surface of the 
follicle cells with their associated, contractile F-actin bundles.  
A few actin filaments can be observed near the basal surfaces of these follicle 
cells as the egg chambers bud from the germarium. However, at stage five the actin 
filaments assemble to form more obvious noticeable fibers. These fibers constantly go 
through disassembly and reassembly to form parallel arrays perpendicular to the anterior-
posterior axis during stage 7, and by stage 12, they form thick bundles (Delon and 
Brown, 2009). The actin bundles end in focal adhesion-like structures that mediate 
follicle cell attachment to the basal lamina. Moreover, the actin fibers bind myosin, which 
induces contractile force along the actin fibers. We refer to these fibers as stress fibers 
(Wang and Riechmann, 2007), as their appearance and function are very similar to stress 
fibers found in cell cultures.. Additionally, many factors regulating stress fibers have 
been identified in vitro.  However, stress fibers have rarely been detected in living tissue, 
thus making it nearly impossible to study the functions and regulations of stress fiber in 
vivo. Therefore, Drosophila follicle cells, with distinguishable stress fibers and live 
imaging techniques, along with the organism’s genetic tractability, make a favorable 
system to investigate stress fiber regulation in vivo. Using this system, several proteins 
have been identified to play a role in formation and organization of the parallel actin 
filaments. Mutation in Pak (p21-activated kinase), a serine/threonine kinase that is 
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activated by the Rho GTPase pathway, causes loss of actin filaments in the follicle cells 
(Conder et al., 2007). Reduction in Talin, a protein that mediates cell-ECM adhesion, also 
results in reduction of actin fibers and loss of parallel organization (Becam et al., 2005).  
 
How tissues shape their form and structure - Egg chamber rotation and elongation 
 
How cellular components organize themselves to form specific shapes and sizes has been 
a major fundamental question asked throughout the study of development. The 
Drosophila egg chamber is a relatively simple system to study how tissues form their 
shape and structure. Egg chambers bud off from the germarium as a sphere, but soon 
undergo dramatic changes, elongating so that by stage 10, the egg chamber is 2.5 times 
longer than it is wide. Different mechanisms underlie egg chamber elongation during 
oogenesis. Initially, the follicle epithelial cells show collective migration along the 
surrounding basal lamina, which causes the egg chamber to rotate, providing force for 
initial egg chamber elongation (Haigo and Bilder, 2011). Recently, it has been reported 
that egg chambers start to rotate as early as stage one and slowly continues until roughly 
stage 6 where its rotation speed increases (Cetera et al., 2014). In this study, Cetera et al. 
show that early rotation is required for tissue-level actin bundle alignment. Follicle cells 
with defects in integrin or proteins that mediate interaction between the basal actin 
cytoskeleton and the ECM also show disturbed actin bundle alignment, which may 
constrain egg chambers from elongating (Bateman et al., 2001; Frydman and Spradling, 
2001).  
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During stage 9, the rotation of the egg chamber gradually ceases and myosin 
oscillation on the basal actin fibers further elongates the egg chambers (He et al., 2010). 
Disturbing or enhancing the link between the actin cytoskeleton and the ECM alters 
myosin oscillation, thus affecting egg chamber elongation. These examples show that the 
egg chambers utilize at least two different mechanisms during their development to 




My thesis focuses on using Drosophila egg chambers as a model system to study the 
intricate functions of tropomyosin in vivo. At least 44 isoforms are expressed in the 
mammalian system creating an obstacle to researchers studying the mechanisms of 
tropomyosin action in vivo. 
In Chapter II, I introduce my study of mammalian tropomyosin and research on 
isoform-specific functions of Drosophila Tropomyosin1 using the border cell migration 
system and the actin stress fibers at the basal surface of epithelial follicle cells. Our 
results suggest that Tropomyosin1 isoforms expressed in the egg chamber have non-
redundant roles that are involved in both processes.  
In Chapter III, I describe the study of Psidin, a conserved but poorly characterized 
protein that was discovered in a genetic screen for mutations that disrupt border cell 
migration and which regulates lamellipodia dynamics in both Drosophila and mammalian 
cells. In this study, we found that Psidin and Tropomyosin1 have antagonizing functions 
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Figure 1. A schematic diagram of migrating single cell  
A migrating cell shows polarized morphology, with leading edge showing protrusions 
and filopodia. Branched actin network is observed in the lamellipodia, actin 
polymerization pushing the membrane towards the direction of migration. New adhesions 
to the substrate form near the leading edge while cell-substrate interaction is dissociated 
in the rear of the cell, allowing the cell to retract. Different classes of stress fibers recruit 
myosin II and generate contractile force. Some studies show that different tropomyosin 











































Figure 2. Actin binding proteins during cell migration  
 
 
When a cell receives extracellular stimuli, the information is relayed to Rho GTPases 
inside the cell. Activated Rho GTPases activate WASP/Scar, which is required for 
Arp2/3 complex nucleation. Arp2/3 promotes branch formation and new actin 
polymerization occurs at new branch sites. Profilin binds to G-actin and promotes ADP-
ATP exchange of G-actin and addition of actin monomers to the barbed end. Actin 
polymerization pushes the membrane, which is required for protrusion formation during 
cell migration. The polymerization at the barbed end of the actin filament is impeded by 
binding of capping proteins and at the same time, the loss of actin monomers is 
prevented. Depolymerization and severing occurs near the pointed end of the actin 
filament by ADF/cofilin. The actin filament is stabilized by Tropomyosin and Fimbrin, 


















































Figure 3. Drosophila ovaries and egg chamber development 
   
 
A schematic drawing of a female Drosophila and two ovaries, which consists of strings 
of developing egg chambers called ovarioles. Somatic follicle cells enclose 15 nurse cells 
and one oocyte, which are derived from germline stem cells. Newly synthesized egg 
chambers bud off from the germarium with the stalk cells (purple) connecting egg 
chambers in developing stages. In stage 9 egg chambers, a cluster of migratory cells 
called border cells (blue) containing non-migratory polar cells in the middle (pink) 
delaminate from the anterior of the egg chamber and migrate in between the nurse cells to 







































Figure 4. Drosophila egg chamber epithelial follicle cells  
 
 
(A) Drosophila epithelial follicle cells are polarized. The basal layer interacts with the 
extracellular matrix (ECM, shown in green) and the apical side faces the oocyte.  
(B) Close up view of three follicle cells show polarized follicle cells connected with 
adherens junction, and basal actin underlying the basal layer. This very thin structure 
(~1um) can be seen at the outer layer of the egg chamber, right beneath the coverslip.  
(Images adapted from He et al., 2010) 
(C) Confocal micrograph of a stage 10 egg chamber is shown below the depicted 
diagram. Non-muscle myosin light chain is expressed in red and the focal adhesion 
















































































Functional analysis of Tropomyosin isoforms 





















Tropomyosin in mammalian system  
 
Tropomyosin (Tm) is a key regulator of actin filaments. Tm is a coiled coil dimer that 
binds head to tail to form a polymer. Tm was first identified in striated muscles, where it 
is required for regulating muscle contraction (Bailey, 1946). Specifically, Tm dimers 
form a complex with Troponin (Tn) that binds along the actin filament. In the absence of 
Ca2+, Tm-Tn complex masks the myosin binding site along the actin filament. An 
increase in the Ca2+ level inside the cell, followed by Ca2+binding to the Tn-Tm complex 
causes it to undergo a conformational change, thus allowing the myosin to bind actin, 
which is required for subsequent acto-myosin contraction. Since its discovery, the role of 
Tm in acto-myosin contraction in muscle cells has been extensively studied and its 
function has been well characterized. Recently, the structure of the actin-Tm-myosin 
complex in its active and inactive states has been determined by cyro-electron 
microscopy (Behrmann et al., 2012; von der Ecken et al., 2014) 
Interestingly, Tm is not only expressed in muscle cells, but is also abundant in the 
cytoskeleton of non-muscle cells (Talbot and MacLeod, 1983). Although muscle Tm has 
been extensively studied, functional studies of non-muscle Tm are relatively new. Since 
the Troponin complex is absent in non-muscle cells, acto-myosin contractions via Tn-Tm 
do not occur. Two functions of Tm in vitro in non-muscle cells are to stabilize actin 
filaments in the lamella area and to interact with other actin binding proteins to regulate 
actin dynamics. However, not much is known regarding its actin regulation in vivo.  
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Study of Tm in the mammalian system in vivo is complicated due to the 
expression of at least 44 isoforms. In mammalian cells, four structurally similar Tm genes 
exist, suggesting that they arose from duplications of an ancestral gene. These genes 
encode more than 40 different isoforms through the use of alternate promoters and 
alternative splicing (Gunning et al., 2008). Tm isoforms are conventionally categorized 
into low molecular weight (LMW:~248 amino acids) and high molecular weight 
(HMW:~284 amino acids) according to their molecular masses.  Both HMW and LMW 
isoforms can be expressed from the same gene. Tms may also form heterodimers, adding 
further complexity to the array of possible functional proteins (Gimona et al., 1995).   
Tm mRNAs are differentially expressed in human tissues such as fibroblasts, 
smooth muscle, and intestinal epithelia (Novy et al., 1993). Moreover, isoform expression 
can change during muscle differentiation, embryogenesis, and neuronal differentiation, 
processes accompanied by morphological changes (Gunning et al., 1990; Muthuchamy et 
al., 1993; Weinberger et al., 1993). In neurons, Tm isoform expression is spatially and 
temporally regulated (Schevzov et al., 2005), such that the isoform Tm3 is broadly 
expressed, whereas Tm5NM1 is enriched in filopodia and growth cones. These examples 
highlight that tissue-specific isoform expression is highly complex and regulated both 
spatially and temporally.  
 
Non-muscle Tropomyosin as a regulator of actin cytoskeleton 
 
In vitro, non-muscle Tm inhibits Arp2/3-dependent actin filament branching activity 
(Blanchoin et al., 2001) and antagonizes the actin filament severing activity of cofilin 
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(Ono and Ono, 2002). The simple view is that Tm functions to stabilize actin filaments 
by inhibiting branching and depolymerization. However, many Tm isoforms exist, which 
may have redundant or non-redundant roles or even antagonistic roles in actin dynamic 
regulation. For example, isoforms Tm5NM1 and Tm3 were shown to have antagonistic 
functions. These two isoforms also showed opposite sensitivity to actin-depolymerizing 
drugs (Creed et al., 2011) 
 The well-studied, non-muscle isoform Tm5NM1 functions in recruiting myosin 
II, resulting in actin filament tension (Bryce et al., 2003). When the same isoform is 
overexpressed, it inhibits Src activation and stabilizes mature focal adhesions. On the 
other hand, when Tm5NM1 is depleted in cultured cells, Rac dependent lamellipodia are 
enhanced, increasing cell motility (Bach et al., 2009). Recently, new roles of non-muscle 
Tm have been identified, such as functions in asymmetric cell division, filopodia 
formation, and contributing to contractile forces at the zonula adherens (Caldwell et al., 
2014; Creed et al., 2011; Jang et al., 2014). However, most of these studies were done in 
vitro, and not much is known regarding the in vivo functions of non-muscle Tm. 
 
Importance of studying Tropomyosin regulation 
 
Tm is an essential gene that causes lethality when knocked out in yeast, worms, flies, and 
mammals. In addition decreased expression of HMW Tms is a hallmark of transformed 
cells (Hendricks and Weintraub, 1981). HMW isoforms Tm1 and Tm2 are normally 
associated with stress fibers, but are either downregulated or lost during malignant 
transformation; additionally, the cells showed highly metastatic behavior. On the other 
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hand, some LMW Tms are reported to show elevated levels up to 1.5~1.8 fold in invasive 
cancer cells (Miyado et al., 1997). In addition, recent studies report that some Tm 
isoforms show elevated levels during the epithelial-mesenchymal transition in lens 
epithelial cells (Kubo et al., 2013) 
Distinct Tm isoforms may serve unique functions in different parts of the cell 
(Creed et al., 2008), suggesting that drugs that target specific Tm isoforms characteristic 
of transformed cells might show more specific anti-tumor activities than drugs targeting 
actin itself, which are highly toxic. Recently, there has been an attempt to apply this idea. 
Anticancer compound TR100 was designed to target one of the non-muscle Tm isoforms, 
Tm5NM1. It was shown that TR100 selectively affects actin filaments that are associated 
with Tm5NM1, in vivo and in vitro, without compromising cardiac activity or other types 
of actin filaments. (Stehn et al., 2013) However, a more thorough understanding of Tm 
regulation is required for further application.  
 
Drosophila Tropomyosin  
 
Drosophila has two Tm genes, Tm1 and Tm2, that are closely linked on chromosome 3 
and show an average of about 47% identity with vertebrate Tms (Bautch et al., 1982). 
Tm2, which encodes six isoforms, is expressed in indirect flight muscles and in cardiac 
muscles. Tm1 encodes 17 different isoforms, via alternative splicing. Among them, 11 
are annotated as muscle-specific, while six are predicted to be expressed under the 
control of the non-muscle promoter (Hanke and Storti, 1988) (Figure 1).  
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Mutations in Drosophila Tm1 are homozygous lethal and cause defects in head 
morphogenesis during development (Tetzlaff et al., 1996), the size of dendritic fields in 
neurons (Li and Gao, 2003), and oskar mRNA mis-localization in oocytes (Erdelyi et al., 
1995). However, which of the 17 isoforms is required for each of these functions remains 
unclear since not all isoforms were annotated until recently. Moreover, there were no 
specific antibodies to detect the isoforms, and it was unclear which isoforms were 
affected or unaffected by existing mutant alleles.  
The Drosophila genome appears to encode structurally unusual forms of Tm, 
which until now has been classically defined as an end-to-end coiled-coil dimer. While 
most Drosophila Tm1 isoforms are predicted to form a coiled-coil structure from the N- 
to the C-termini, Tm1-I, Tm1-C, and Tm1-H isoforms possess a long unstructured N-
terminal tail, coiled-coil only in the middle, and a second unstructured stretch of amino 
acids at the C-terminus (Figure 2). The fact that many Tm1 isoforms exist and that each 
Tm1 isoform shows different amino acid sequence may indicate that each isoform serves 
a unique function. The main purpose of my study is to elucidate functions of different 
Tm1 isoforms. Drosophila’s fewer Tm isoforms and genetic tractability offer a relatively 









Three Tropomyosin isoforms are expressed in the Drosophila egg chamber 
 
Study of Drosophila tropomyosin (Tm1) has been limited due its complex regulation by 
many spliced isoforms. To determine which of the 17 isoforms are expressed in follicle 
cells of the egg chamber, we performed an mRNA tagging experiment (Yang et al., 
2005). Briefly, flies expressing a follicle-cell-specific Gal4 driver were crossed with flies 
expressing flag-tagged poly A binding protein (PABP) under UAS promoter. The ovaries 
from the progeny were dissected, homogenized and subjected to an anti-FLAG pull-down 
assay. The flag-tagged mRNA, which was specifically expressed in the follicle cells of 
interest, was isolated and used for RT-PCR. Using specific primers, we detected only 
Tm1-A, Tm1-I and Tm1-L isoforms in each follicle cell population tested, including 
polar cells (Upd-Gal4), border cells (slbo-Gal4) and all follicle cells (Cy2-Gal4). For a 
positive control, we isolated mRNA from whole ovaries from the same genotype and 
performed the same treatment apart from the flag-tag pull-down. From the control 
mRNA, we were able to amplify many additional isoforms including muscle type (Tm1-
J, Tm1-N, Tm1-O, Tm1-M, Tm1-S), Tm1-C, and Tm1-Q as well as Tm1-A, Tm1-I, 
Tm1-L and Tm1-P (Figure 3). The presence of the L isoform in follicle cells was 
surprising because it had previously been annotated as muscle-specific. These results 
suggested that Tm1-A, Tm1-L and Tm1-I were the predominant Tm1 isoforms expressed 
in all follicle cell populations including polar cells and border cells. 
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Analysis of different Tm1 isoforms in the egg chambers using isoform specific 
antibodies  
 
During our search for suitable Drosophila Tm1 antibodies, we came upon a monoclonal 
antibody commercially available from Abcam. The antibody was generated using 
purified Tm-Tn complex from a species called Lethocerus (Waterbug) as an antigen. The 
antibody is known to detect invertebrate flight or indirect flight muscle and was 
previously used in numerous studies to study Drosophila muscle regulation. However it 
was not clear whether the epitope was Tm or Tn. To our surprise, we were able to detect 
expression in the border cells (Figure 4A) and the stress fibers (Figure 4B) of the 
epithelial follicle cells in the egg chamber, which are obviously not muscle cells. To 
determine which isoform the antibody was detecting, we used egg chamber lysates for 
Western analysis. The antibody detected a protein sized ~35 kDa. The annotated sizes for 
Tm1-L, Tm1-A, and Tm1-I are 32.5 kDa, 29.3 kDa, and 48 kDa, respectively. Isoforms 
A and L share many exons in common whereas I shares only one small exon with the 
other. We tested whether the antibody could recognize purified Tm1-A or Tm1-I 
proteins. Neither of the proteins was detected when probed with the monoclonal 
antibody, suggesting that the antibody detects isoform L (Figure 4C).  
We next tested whether the antibody could recognize the Tm1-L isoform 
expressed in S2 R+ cells. HA-tagged Tm1-L under UAS promoter was induced with 
actin-Gal4. Upon induction, HA-tagged Tm1-L was expressed in the cytoplasm of the S2 
R+ cells and was detected by an HA antibody. The monoclonal antibody also recognized 
the expressed protein, which colocalized with the HA expression. The monoclonal 
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antibody did not recognize the S2 R+ cells that were transfected with HA-Tm1-A or HA-
Tm1-I (Figure 5A-C). Egg chambers from a transgenic fly line expressing HA-Tm1-L 
were also tested. The subset of follicle cells that expressed HA-Tm1-L, and thus over-
expressed Tm1-L, stained brightly with the HA antibody and the monoclonal Tm 
antibody, while basal levels of endogenous Tm1-L were stained with the Tm-L antibody 
but not anti-HA (Figure 5D). These results indicate that the antibody is recognizing Tm1-
L. Specifically, the antibody is detecting the epitope that is unique to Tm1-L, since it did 
not recognize either Tm1-A or Tm-I. 32 amino acids of Tm1-L in the N-terminus are 
unique to Tm1-L, while the rest of the isoforms overlaps with Tm1-A. We concluded that 
the epitope lies within these 32 amino acids, which are known to be common in all 
annotated muscle Tm isoforms (Hanke and Storti, 1988). As expected, the antibody 
detected muscle Tm isoform expressions in the muscle sheath enclosing the egg chamber 
(Figure 5E). 
Since antibodies that could detect isoforms Tm1-A and Tm1-I were not 
commercially available, we set out to produce them using rabbits. As a first attempt, 
polyclonal antibodies were generated using peptide sequences specific for Tm1-A or 
Tm1-I. The antibodies successfully detected the purified Tm1-A and Tm1-I in Western 
(Data not shown). However, the antibodies were not able to detect any proteins in the egg 
chambers. This suggested that the peptide sequences used to generate antibodies were not 
exposed and that these short peptides were not sufficient as antigens. 
As our second attempt, polyclonal Tm1-A and Tm1-I antibodies were generated 
using purified full-length proteins. When we tested the antibodies using 
immunohistochemistry with egg chambers, the Tm1-A antibody stained all follicle cells, 
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including the border cells and the epithelial follicle cells (Figure 6A). The Tm1-I 
antibody showed that Tm1-I is also expressed in the border cells and follicle cells, but is 
also slightly expressed in the germ line cells, including the cytoplasm of the nurse cells 
and the oocyte, especially near the pole plasm (Figure 6B, arrow).   
The antibodies’ cross-reactivity was determined using purified proteins on 
Western. The Tm1-A antibody only detected the Tm1-A protein and the Tm1-I antibody 
only detected the Tm1-I protein (Figure 7A). Next, we overexpressed either Tm1-A or 
Tm1-I in a subset of follicle cells to see if the antibodies can detect the proteins. Tm1-A 
antibody detected the elevated level of Tm-A protein but not overexpressed Tm1-I 
protein (Figure 7B), and Tm1-I overexpression was detected only with the Tm1-I 
antibody, not the Tm1-A antibody (Figure 7C)  
 
Tm1 is highly expressed on basal F-actin stress fibers of the epithelial follicle cells.   
 
Highly dense actin fibers are observed in the basal layer of the follicle cells when stained 
with fluorescently labeled Phalloidin. In order to see if Tm1 functions in regulating these 
structures, we first tested if we could detect Tm1 expression in the follicle cells using 
isoform-specific antibodies. We observed that all Tm1 isoforms colocalized with the 
phalloidin staining of actin filaments (Figure 8). Interestingly, the Tm1 filaments seemed 
more abundant than the actin filaments. While both Tm1-A and Tm1-L localized in the 
fibers and at the cortex of each cell Tm1-I only decorated the actin bundles. These 
localization patterns seem to evolve during egg chamber. However, details regarding 
stage-dependent isoform localization on actin filaments remain to be explored.  
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Tm1 is required for border cell migration  
 
A dense actin network is observed in the lamellipodia of the leading cell in the border cell 
cluster during migration. Many actin binding proteins have been identified to regulate 
actin dynamics during border cell migration. In order to see whether tropomyosin, a well-
known actin binding protein, is also involved in border cell migration, several Tm1 
mutant alleles were obtained from Bloomington Drosophila Stock Center (BDSC) and 
Fly Trap (Yale). Tm1 homozygous mutant border cell clones were generated using 
MARCM (mosaic analysis with a repressible cell marker) (Wu and Luo, 2006), and the 
border cell migration index was counted (Figure 9). In both the Tm1su(flw)4  and Tm1zcl0722 
lines, 80% of the stage 10 egg chambers containing homozygous mutant clusters showed 
a border cell migration defect (Figure 9B,C). In Tm1pz2299 null mutant border cells, 60% 
of the stage 10 egg chambers had migration defect (Figure 9D,E) 
Since we did not know the nature of the mutations in these lines, we decided to 
generate a Tm1 null line (Tm1null) by utilizing a homologous recombination technique. 
We replaced the common exon (135 bp), which has the highest homology to the 
mammalian Tropomyosin, with the w+ gene (Figure 10A). Immunohistochemistry using 
antibodies that detect Tm1-L, Tm1-A and Tm1-I showed that these proteins were either 
lost or highly reduced in the homozygous null follicle cells (Figure 10B-D) including 
homozygous null border cells (Figure 11A-C), confirming that knocking out the common 
exon leads to null phenotypes. In order to determine whether Tm1null border cells show 
any migration defect, homozygous null border cells were generated to score migration 
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index. 70% of stage 10 egg chambers with Tm null border cells showed impaired 
migration (Figure 11D). In addition, during our antibody analysis, we identified that the 
mutant allele Tm1zcl0722 showed absence of all three Tm1 isoforms, suggesting that this 
line may also serve as a null allele. Moreover, the mutant phenotypes of Tm1zcl0722 were 
comparable to that of Tm1null.   
 
Three Tm1 isoforms have non-redundant functions in border cell migration  
 
We have identified that three different isoforms are expressed in border cells of the egg 
chamber. Absence of all three isoforms together resulted in a border cell migration 
defect. We next wanted to test whether each of these isoforms is required individually for 
border cell migration. In order to do so, we needed isoform specific mutant alleles and 
RNAi lines that targeted each specific isoform.  
Previously, Tm1pz02299 was generated by P-element insertion (Tetzlaff et al., 
1996). The Tm1-A isoform is disrupted by a P-element insertion in the 20th amino acid 
of the first exon. The homozygous larvae had a defect in head morphogenesis and soon 
die during first instar stage. Another study showed that Tm1pz02299 functions in regulating 
dendrite size during neuronal development (Li and Gao, 2003). Specifically, mutant 
Tm1pz02299 flies showed increased dendritic field sizes of neurons in embryos. 
We found that Tm1pz2299 homozygous mutant border cells gave 60% migration 
defect, and the migration defect was rescued by re-expressing the Tm1-A isoform 
whereas, Tm1-I was not able to rescue the defect (Figure 12A).  These results confirm 
that Tm1pz2299 affects Tm1-A but not I. Overexpression of UAS-RFP-Tm1-A in wild type 
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did not cause any detectable phenotype in border cells or in follicle cells. Reduced level 
of Tm1-A protein was observed with the Tm1-A antibody in Tm1pz2299 homozygous 
mutant cells (Figure 12B). The residual antibody expression that is detected by the Tm1-
A antibody in the Tm1-A mutant cells is very likely the expression of Tm1-L, which 
shares many exons in common with A. The Tm1-A antibody is therefore termed Tm1-
A/L antibody since it recognizes both isoforms. Tm1-L and Tm1-I expression were 
unchanged in Tm1pz02299 homozygous mutant cells, confirming its specific effect on A 
isoform.  
We generated a UAS-Tm-A RNAi line and crossed with follicle cell driver to 
specifically knock down Tm1-A. However Tm1-A expression was only slightly reduced 
compared to the wild type, as seen with the Tm1-A/L antibody. The level of reduction 
was far less compared to the Tm1pz02299 homozygous mutant follicle cell staining (Figure 
12C), and the Tm1-A-RNAi expressing border cells did not cause a border cell migration 
defect.  
Tm1su(flw)4 flies were generated by Vereshchagina et al. by ethyl methanesulfonate 
(EMS) mutagenesis (Vereshchagina et al., 2004). The flies were isolated as a suppressor 
for a mutant protein phosphatase 1(PP1), a regulator of non-muscle myosin, and were 
shown to fail to complement Tm102299. During our study, we found that Tm1su(flw)4 flies 
did not complement the Tm1zcl0722 or the Tm1null.  Contrary to previous report, however, 
the ems mutant flies partially complimented Tm102299 (6.5% of the viable progeny were 
Tm102299 /Tm1su(flw)4 ). However, all the viable Tm102299 /Tm1su(flw)4 flies had a smaller 
wing phenotype, indicating incomplete complementation. Therefore Tm1su(flw)4 appears to 
be a hypomorphic mutation. 
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 We then performed antibody analysis to determine which of the Tm1 isoforms 
were affected by the Tm1su(flw)4 allele. Interestingly, Tm1-I was reduced in Tm1su(flw)4 
homozygous mutant cells (Figure 13A), whereas Tm1-L and Tm1-A levels were 
unchanged. However, the localization of Tm1-L and Tm1-A proteins was altered, such 
that the proteins were abundant in the apical layer of the follicle cells compared to their 
normal basal localization (Figure 13B,C). These results led us to conclude that the 
Tm1su(flw)4 allele partially disrupted Tm1-I isoforms, which in turn affected the 
localization but not the abundance of Tm1-L and Tm1-A.  
We used Tm1su(flw)4  to analyze the affect of reduced Tm1-I in border cells. In 
more than 80% of stage 10 egg chambers containing homozygous mutant clusters, border 
cells either could not detach or stopped in the middle of their migration. The migration 
defect was rescued by re-expression of Tm1-I, but not Tm1-A (Figure 14A). To confirm 
Tm-I isoform function, Tm1-I was knocked down using either slbo-Gal4 or c306-Gal4 
drivers and UAS-Tm1-IRNAi that specifically targeted the Tm1-I isoform under UAS 
promoter. Tm1-I was reduced in Tm1-I RNAi expressing cells detected by Tm-I antibody 
(Figure 14B). The reduction of Tm1-I in the border cells caused migration defect of 
30~50%.  
A UAS-Tm1-L RNAi line was generated using a hairpin construct that specifically 
targeted the Tm1-L isoform, but not Tm1-A or Tm1-I.  The Tm1-L isoform was knocked 
down using either slbo-Gal4 or c306-Gal4 drivers. Using the Tm1-L antibody, we 
confirmed that Tm1-L was effectively knocked down in Gal4 expressing cells (Figure 
15A). However, Tm1-L-negative border cells did not show any migration defect 
compared to the control (Figure 15B). We concluded that Tm1-L is not required for 
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border cell migration.  Taken together, we found that isoforms Tm1-A and Tm1-I are 
required for border cell migration and although Tm1-L isoform is highly expressed in 
border cells, it is not involved in regulating their migration. Thus Tm1-A and Tm1-I have 
non-redundant functions in border cell migration. 
 
Tm1 functions to regulate actin filaments in the basal layer of the epithelial follicle 
cells.  
 
To determine if Tm1 is a regulator of actin filaments in the epithelial follicle cells, we 
crossed the Tm1null line with MARCM flies to generate homozygous null Tm1 follicle 
cells. The null cells indeed lacked Tm1-L, Tm1-A and Tm1-I proteins. When compared 
to neighboring wild type cells, we observed around a 40% reduction of phalloidin 
staining of actin fibers in homozygous null follicle cells (Figure 16A).  
Cytoskeletal tropomyosin is known to regulate myosin binding to actin filaments 
in vitro (Barua et al., 2014; Bryce et al., 2003; Tojkander et al., 2011). Previous studies 
show that myosin II regulates acto-myosin contractility in actin bundles of the basal layer 
of epithelial follicle cells (He et al., 2010). Since we observed reduction of actin 
filaments in Tm1null cells, we wanted to see if there was any change to the myosin 
localization on the stress fibers. Using the red fluorescent protein mcherry fused to a 
myosin regulatory light chain called Spaghetti squash (Sqh-mcherry), we were able to 
observe myosin accumulation in Tmnull homozygous mutant cells. Surprisingly, the level 
of myosin II activity observed by sqh-mcherry intensity was rather increased (Figure 
16B). The level of increase varied from 30% to an almost 2 fold increase of myosin II 
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activity, detected by sqh-mcherry level compared to that of neighboring wild type cells 
(Figure 16C).   
 
Three Tm1 isoforms function non-redundantly to regulate actin filaments in the 
epithelial basal layer  
 
We then tested for isoform specific functions during stress fiber regulation in the 
epithelial follicle cells. In order to determine whether Tm1-A functions in regulating 
stress fibers, we made homozygous Tm1pz2299 follicle cells using the MARCM technique. 
Detected by phalloidin staining, Tm1-A mutant follicle cells showed normal stress fiber 
labeling that was comparable to wild type (Figure 17A). The same phenotype was seen 
using UAS-Tm1-A RNAi (Figure 17B).  
UAS-Tm1-LRNAi was expressed in a subset of follicle cells to test for its 
involvement in actin filament regulation. Confirmed by Tm1-L antibody staining, Tm1-L 
was undetectable in follicle cells expressing the RNAi (Figure 17C). The phalloidin 
staining was not altered in Tm1-L-negative cells, showing comparable level to the 
neighboring wild type cells (Figure 17D). However, it is not clear whether the Myosin II 
accumulation on the stress fibers remains the same in these Tm1-A or Tm1-I mutant 
cells. It is possible that although the phenotype in fixed tissue is not disturbed, the 
mutation may have affected the contractile function of the actin bundles, a hypothesis we 
are currently testing. 
Overexpressing Tm1-I did not alter the phalloidin staining of the stress fibers. 
However, when Tm1-I was reduced using RNAi, the phalloidin staining was reduced by 
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40%. UAS-Tm1-IRNAi-expressing follicle cells (Figure 18A) also showed reduction in 
myosin light chain accumulation detected by sqh-mcherry expression (Figure 18B). 
Tm1su(flw)4 homozygous mutant follicle cells were observed for actin bundles to see if 
there was any defect in the actin cytoskeleton. The homozygous Tm1su(flw)4 follicle cells 
had 40% lower phalloidin staining in their stress fibers compared to the neighboring wild 
type cells (Figure 18C). Furthermore, we found that reduction of Tm1-I in the follicle 
cells caused up to 40% reduction in myosin accumulation compared to the control 
(Figure 18D). In addition to the reduction of the basal actin and myosin light chain levels 
in the homozygous mutant cells, we also observed reduced follicle cell diameter. The 
difference of cell size is more pronounced when the mutant clone is small (Figure 19).  
Taken together, neither Tm1-L nor Tm1-A alone is required for actin fiber 
regulation while Tm1-I functions to regulate actin bundles. Without Tm1-I, there is 
reduction of actin filaments and impairment of its contractile functions suggested by 
reduction of Myosin II expression. We propose that in this cellular context, Tm1-A and 
Tm1-I likely function redundantly because the phenotype of the Tm1 null allele, in which 
all isoforms are deleted, is distinguishable from the loss of Tm1-I alone. Isoform specific 
rescue experiments and double knockdowns are currently underway to test this 
hypothesis. 
 
Tm1 isoforms interact with each other to regulate their function and expression  
 
During the antibody analysis, we found that the Tm1-I antibody not only detected Tm1-I 
overexpression, but that it also showed slightly elevated level in the cells that had 
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exogenous Tm1-A protein (Figure 20A). A similar phenotype was seen using RNAi 
knockdowns. When Tm1-A was knocked down using UAS-Tm1-ARNAi, Tm1-I 
expression detected by the Tm1-I antibody was also reduced (Figure 20B). Since UAS-
Tm1-ARNAi was made only to target the Tm1-A isoform, it is not possible that Tm1-I was 
also knocked down. In order to rule out the possibility of the antibodies recognizing each 
other, we performed Western with purified proteins. The Western results suggested that 
there is no cross-reactivity between the antibodies. These results suggest that Tm1-A 
might play a role in regulating Tm1-I. It is possible that Tm1-A and Tm1-I co-assemble 
onto the actin stress fibers. In addition to these possible interactions, in Tm1-A mutant 
follicle cells, Tm1-L failed to localize to the cell membrane, suggesting that Tm1-A and 
Tm1-L may also interact, suggesting that these isoforms co-assemble there (Figure 20C). 
Taken together, Tm1 isoforms interact together to regulate their function and expression, 












Tropomyosin (Tm) was first identified as a muscle regulator in 1946. Since then, the 
protein has been extensively studied, elucidating its complex function and involvement in 
muscle regulation. However, tropomyosin is also expressed in non-muscles cells, where it 
regulates the actin cytoskeleton. While less is known regarding non-muscle Tm function, 
emerging evidence shows that different Tm isoforms promote the assembly, structure, 
stability and contractile function of diverse types of actin filaments, which influences 
cellular activities such as cell motility, cell adhesion, and cytoskeletal architecture.  
We have carried out a systematic analysis of the three Tm isoforms that we 
detected in follicle cells in the Drosophila ovary, although we cannot exclude the 
possibility that other isoforms are expressed at levels that were not detected by the 
mRNA tagging experiment. While this remains a possibility, we are confident that our 
Tm1null line is a true null and that it’s mutant phenotype is a representative Tm1 mutant.   
Several lines of evidence suggest that the ems induced mutation in the Tm1su(flw)4 
allele reduces expression of the Tm1-I isoform: Tm1-I re-expression, but not Tm1-A, 
rescued the border cell migration defect phenotype in Tm1su(flw)4 clones. In addition, 
Tm1-I RNAi phenocopied the Tm1su(flw)4 mutant phenotype, in both border cells and  
epithelial follicle cells. We note that Tm1-L and Tm1-A proteins were mis-localized in 
Tm1su(flw)4 mutant cells, suggesting that Tm1-I is required to recruit Tm1-L and Tm1-A to 
the basal actin stress fibers. Thus, the phenotype may be due to a combinatorial effect of 
reduction of Tm1-I and mis-localization of Tm1-L and Tm1-A. Consistent with this 
interpretation, neither Tm1su(flw)4 nor Tm1-I RNAi showed complete elimination of Tm1-I 
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antibody staining yet Tm1su(flw)4 caused the most drastic phenotype, seemingly even 
stronger than the null.  
 
Tm1-L is expressed in non-muscle cells 
 
In one of the earlier papers that investigated Drosophila Tm1, Tm1-L was annotated as a 
muscle-specific isoform (Hanke and Storti, 1988). This categorization was due the fact 
that Tm1-L relies on a promoter that transcribes all other muscle specific Tm1 isoforms. 
Thus, Tm1-L includes two exons that are common in all muscle isoforms. The rest of the 
protein sequence overlaps with the Tm1-A isoform. Fortunately, we obtained a 
commercial antibody that could recognize Tm1-L. To our surprise, the Tm1-L isoform 
was nicely expressed in the border cells and the follicle cells. Also, Tm1-L specifically 
decorated the stress fibers in the basal layer of the epithelial follicle cells. Since the 
epitope lies in what was known as a muscle specific exon, we tested the antibody in the 
muscle sheath that encloses the egg chambers. As expected, the antibody showed nicely 
decorated sarcomeric patterning of Tm in the muscle sheath. However, since all Tm1 
muscle forms have a common epitope, it is not clear which muscle isoform(s) the 
antibody was detecting.   
 Our results indicate that Tm1-L is expressed in non-muscle cells. However, when 
we knock down Tm1-L in border cells and in outer follicle cells, we did not see any 
significant mutant phenotype. It is possible that the Tm1-L isoform is not involved in 
border cell migration or actin bundle regulation. However, it is also possible that Tm-A 
and Tm-L function redundantly, as Tm1-A and Tm1-L are 91% identical in amino acid 
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sequence. Due to this fact, we might not have observed border cell migration defect when 
only Tm1-L was knocked down. To test this possibility, we could reduce the level of both 
Tm1-A and Tm1-L together to see if this results in any mutant phenotype. The double 
knockdown flies will be useful to examine the effect of these two proteins in regulating 
the stress fibers in the epithelial follicle cells. Alternatively Tm-L may function at an 
earlier or later stage of development. Another possibility is that Tm1-L’s sole function is 
to regulate muscle related actin filaments. It would be interesting to test Tm1-L’s role in 
regulating muscle fibers such as those in the muscle sheath, a muscle structure enclosing 
the egg chamber.   
 
Tm1-I may play a role in oskar mRNA localization 
 
All Tm1 isoforms identified in the egg chamber were expressed in the follicle cells. Tm1-
I showed unique expression in germline cells. Specifically, Tm1-I showed sharp 
localization at the posterior of the oocyte (Figure 5B, arrow). Germ cell expression of the 
Tm1 isoform is interesting, since previous studies reported that Tm1 mutants showed 
impaired oskar mRNA localization. (Erdelyi et al., 1995; Tetzlaff et al., 1996; Zimyanin 
et al., 2008). Oskar mRNA is required for posterior pole plasm assembly, and mis-
localization causes impaired development of the abdomen and germ cells. During egg 
chamber stages 8 to 10, oskar mRNA moves toward the posterior of the oocyte, where it 
is then translated to nucleate the polar granules (Kim-Ha et al., 1991). Involvement of 
Tm1 in oskar mRNA localization has been a puzzle because mRNA localization was 
known to solely require microtubules and microtubule motors such as kinesin. The oskar 
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localization was abolished when the egg chambers were treated with a microtubule 
destabilizing drug such as colchicine (Clark et al., 1994). After involvement of Tm1 was 
observed, some reports suggested that oskar is delivered to the microtubules via an actin 
based mechanism at the anterior of the oocyte for subsequent transport to the posterior. 
However, there is no significant evidence to support this idea. The observation that Tm1-
I localizes to the posterior of the oocyte suggests that it might be required to anchor oskar 
mRNA there. In order to determine which if any Tm1 isoforms are required for oskar 
mRNA transport, we will determine which isoforms are affected in the mutant alleles 
Tm1eg and Tm1gs, which cause oskar mRNA mis-localization. These alleles were 
generated by p-element insertion, but it is not known which isoform(s) was disrupted. It 
would be interesting to test whether the level of Tm1-I is reduced in these flies and if 
Tm1-I plays an active role in oskar localization and germline specification. Since Tm1 
binds to actin filaments and regulates actin cytoskeleton, it may be possible that actin 
filaments are involved in mRNA transportation. However, studies show that egg 
chambers treated with the actin targeting drug Latrunculin A show normal transportation 
of osk mRNP (Zimyanin et al., 2008), indicating that Tm1 may be directly involved in 
mRNA transportation, rather than as an actin regulator. It is possible that Tm1-I forms a 
higher order polymer that forms a complex with osk mRNP, which are together required 
for normal oskar mRNA localization via microtubules. Tm1-I has a unique structure, 
with a long N-terminal tail that is composed of a disordered amino acid sequence, a 
partial coiled coil section in the middle, and a C-terminus with an additional random 
amino acid stretch. It is possible that this long tail is involved in forming a multimer, as 
has been shown recently for RNA and DNA binding proteins (Han et al., 2012; Kato et 
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al., 2012). This unique protein structure suggests that Tm1-I may have a distinctive 
function to serve an important cellular activity.   
 
Tropomyosin impacts actin dynamics 
 
Tropomyosin in non-muscle cells has been yet characterized as an actin filament 
stabilizer. However, recent findings suggest that Tm can either increase or decrease actin 
filament stability depending on which tropomyosin isoform is associated (Creed et al., 
2008)  
Involvement of Tm1 in border cell migration may be straightforward.  Absence of 
Tm1 disturbs the stability of actin filaments. And reduction in actin stability inhibits 
migration. We found that when EGFP-actin was overexpressed in the background of 
heterozygous Tm1 mutants, the protrusions of the border cells could not retract, but 
rather showed constant protrusion, forming a long and thin extension (Kim et al., 2011). 
This phenotype resembled non-muscle myosin II in border cell migration (Fulga and 
Rorth, 2002). However, it is not yet clear whether this defect is a direct effect of loss of 
actin stability or if it is indirect. Non-muscle tropomyosin in vitro antagonizes the actin 
filament severing activity of cofilin (Ono and Ono, 2002). Since cofilin also regulates 
border cell migration (Chen et al., 2001; Zhang et al., 2011), cofilin and Tm1 may show 
antagonizing functions in border cells.  
In the outer follicle cells, myosin normally accumulates on and dissociates from 
the basal stress fibers periodically (He et al., 2010).. Our results suggest that Tm1 plays 
more than one key role in this process. In follicle cells mutant for Tm1su(flw)4 , which 
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reduced the level of Tm1-I and mis-localized Tm1-A and Tm1-L, the level of phalloidin 
staining of actin fibers and myosin light chain accumulation were reduced. However, 
when all isoforms were eliminated in the null allele, an increase in myosin light chain 
level resulted despite reduced levels of phalloidin staining. This shows that in the null 
myosin cannot dissociate from the filaments suggesting that one or more isoforms of Tm 
normally assist in the dissociation of myosin. It is possible that while wild type cells have 
oscillating myosin activity, the Tm1 mutant cells have myosin II locked onto the actin 
fibers which hinders contractility and further actin regulation. Live-imaging will help us 
to understand how myosin II is regulated in these mutants. This suggests that perhaps the 
oscillating function of myosin II is more important for actin filament stabilization 
Here we have described a systematic analysis of the expression and function of 
Tm1 isoforms in the fruit fly ovary. We found that Tm1 is a key regulator of the 
collective cell migration of border cells and plays an important role in stress fiber 
formation and function in epithelial follicle cells. Interestingly, three different 
tropomyosin isoforms function together to coordinate distinct actin dynamics in each cell 
type.   During our study, we generated isoform-specific antibodies, isoform-specific 
RNAi lines, and isoform-specific mutant lines that will continue to be invaluable in 
deciphering the functions of Tm1 and its interacting proteins in these cell types and will 
provide tools for other investigators to study the roles of Tm1 isoforms in other tissues 






Material and Methods 
 
Drosophila Strains and Genetics 
 
Tm1zcl0722 was obtained from Flytrap. Both Tm1pz2299 and Tm1su(flw)4  lines were ordered 
from BDRC. In order to make homozygous mutant cells, these lines were recombined 
with FRT 82B. hsp70-FLP,tub-Gal4,UAS-GFP-nls; FRT82B, tub-Gal80 (MARCM : 
mosaic analysis with a repressible cell marker) was crossed with FRT 82B;Tm1 mutant 
lines to generate positive GFP mutant clones. Heat shock was performed either using 3rd 
instar larvae or 2 day old female adults. Large homozygous mutant clones were generated 
when 3rd instar larvae was heat shocked for 2hrs at 37°C. The vials were kept at 25°C 
until the female flies enclosed. Then the flies were transferred into a new vial with ample 
food and kept in 29°C overnight before dissection. Adult heat shock was performed with 
2 or 3 day old female flies. Either three heat shocks for two days or two heat shocks for 
three days at 37°C were used to generate mutant clones. The heat shocked flies were kept 
in 25°C and dissected 5~7 days after the first heat shock.  
 
hsp70-FLP; Ay17bGal4, UAS-moesin-GFP or hsp70-FLP; Ay17bGal4,UAS-RFPnls was 
used to generate Flp-out clones. Heat shock was performed with two day old adult 
females, twice a day for two days and the flies were kept in 29°C until ovaries were 
dissected out 2~3 days later.  
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sqh::sqh-mcherry flies were used to detect myosin accumulation. Follicle cell drivers 
Cy2-Gal4 and tub-Gal4 were used for exogenous expression of Tm1 isoforms in follicle 
cells.   
 
Immunohistochemistry and Imaging 
 
Ovaries were dissected in Schneider’s medium (GIBCO) supplemented with 10% FBS 
(Sigma) and fixed for 15 minutes in 4% paraformaldehyde. After three 15 minute washes 
with PBT (1x PBS, 0.1% Triton x-100) the egg chambers were blocked with PBT block 
(1x PBT, 5% goat serum) 2 hours at room temperature or overnight at 4°C. Primary 
antibodies were treated overnight at 4°C followed by secondary antibody incubation at 
room temperature for 1 hour. Primary antibodies rat anti-Tm (1:5000, abcam), Tm-A 
(1:1000), Tm-I (1:800). Alexa Fluor conjugated goat anti-rabbit or anti-rat IgG antibodies 
were used as secondary antibodies (Molecular Probes). Alexa phalloidins, 488 or 568 
(1:200) were used to stain the actin filaments. DAPI (1:10000) was used to mark the 
nucleus. After three 15 minute washes, the samples were mounted with Vectashield 
(Vector Laboratories). Zeiss 780 was used for imaging most images. 
 
Generating Tm1-A and Tm1-I antibodies 
 




Tm-I antigen sequence: CKSSGKKERSKRSNP 
Tm-A antigen sequence: CNLKSLEVSEEKATQ  
 
For polyclonal antibody generation using full-length proteins as antigens, two full length 
Tm1-I and Tm1-A constructs were made. Tm1-I was amplified using specific primers 
and Drosophila EST LD11194 as a template. LD37158 was used for Tm1-A 
amplification. Each amplified sequence was cloned into pET28-a vector (clonetech). The 
plasmids were transformed into BL21 cells and the protein was induced using 0.5mM 
IPTG. The His tagged proteins were purified using Ni-NTA His Bind Purification kit 
(Novagen) and eluted with 100mM and 250mM imidazole. Total of 5mg of each protein 
was purified and concentrated and sent out to Antibodes, Inc for antibody generation. The 
protein antigens were injected into rabbits following general antibody production 
procedure.  
 
mRNA tagging method to isolate follicle cell specific mRNA 
 
P[UAS-hPABP-FLAG] (BL#9419) was crossed with Slbo-Gal4 or C306-Gal4 driver to 
drive FLAG tagged poly-A binding protein expression in border cell specific cells.  The 
mRNA tagging method was adapted from a previous paper (Yang et al., 2005). Briefly, 
400 ovaries were dissected and fixed with 1 ml of PBS containing 1% formaldehyde and 
0.5% NP-40 for 30 minutes at 4°C. After fixation, 140µl of 2M glycine was added and 
incubated for additional 5 minutes at 4°C. The ovaries were washed three times with 1x 
PBS and then homogenized in 0.8ml of homogenization buffer (HB : 150mM NaCl, 
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50mM HEPES buffer pH 7.6, 1mM EGTA, 15mM EDTA, 10% glycerol) Immediately 
before homogenization, 50U/ml SUPERase-In (Ambion) was added and 1 tablet of 
Protease Inhibitor Cocktail (Roche) was added per 10ml of HB. The ovaries were 
sonicated for 1min using 30% intensity using Fisher Sonic Dismembrator, Model 500. 
The supernatant was collected after centrifuging for 10 minutes at 13,000 ✕ g and added 
to 100µl of Anti-FLAG-M2 affinity agarose beads (Sigma-Aldrich) that were 
equilibrated with HB. The supernatant and bead mix were incubated at 4°C for 2 hours 
with gentle rotation.  The beads were washed with HB for four times and the mRNA was 
eluted by incubating the beads with the elute buffer (50mM Tris-HCl pH 7.0, 10mM 
EDTA, 1.3% SDS, 50U/ml SUPERase-IN) at 65°C for 30 minutes.  
 
RT-PCR amplification of Tm1 isoforms 
 
mRNA from the elute was isolated using Trizol and its protocol (ambion). The isolated 
mRNA was reverse transcribed to cDNA using the Superscript III following its protocol 
(Invitrogen).  
 
Muscle (Includes Tm-N, Tm-O, Tm-J) : Tm1MF & Tm1MR  
Tm1-C : TmRC1 (F) & Tm1-2 (R) 
Tm1-A: TmRA6F & TmRA2 (R) 
Tm1-I: TmRI6 (F) & TmRI5 (R) 
Tm1-L: TmRA6-F & TmRL-R 
Tm1-Q : TmRA1 (F)& TmPQ1 (R) 
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Tm1-P: Tm1M-F & TmRP-R 
Tm1-F: TmAll1-F & TmRF-R 
Tm1-K: TmAll1-F & TmRK-R 
 
TmRA1: 5’ GCATATTCGCCTGCCAGTTT 3’ 
TmRC1: 5’ CAGAAAAGCCAGCAGCAGCC 3’  
TmRI6: 5’ GATAAGGCGAAGGAGAAGTC 3’  
TmRI5: 5’ GGCTGTGCATGATCTAGGTC 3’  
TmRA2: 5’ CGCTAGCTGCCAGTCAACCG 3’  
Tm1-2: 5’ CGGTGCATTTCTTGCTGATC 3’ 
TmRA6F: 5’ AAAGCGCTTGAGAATCGCA 3’  
TmAll1-F: 5’ AACGTCGCATCCAGTTGCT 3’ 
TmRL-R: 5’ GCAATTGCAGCAGCATGGTA 3’  
TmRP-R: 5’ GAATTTGTCGCAGCATTGCG 3’  
TmRF-R: 5’ GACAGCAACAACATATGCTC 3’  
TmRK-R: 5’ TGCTTCAGCTGGAGGAGCTT 3’  
TmPQ1-R: 5’ GGACTCCATTTGTCTTCATC 3’  
 
Generating transgenic flies expressing Tm1-A and Tm1-L RNAi hairpins 
 
Hairpin sequences below was selected and cloned into VALIUM20 vector by TRiP 
facility (Havard). The hairpin targets the first exon of Tm1-A and Tm1-L, respectively.  
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Tm1-A hairpin sequence AAGAAGATGCGCCAGACCAAA (sense) 
                   TTTGGTCTGGCGCATCTTCTT (antisense) 
 
Tm1-L hairpin sequence GCAAGCGATGAAAGTCGACAA (sense) 
                                         TTGTCGACTTTCATCGCTTGC (antisense) 
 
The amplified plasmid was injected into y v ; nanos-integrase; attP40 (2nd chromosome) 
or y v ; nanos-integrase;attP2 (3rd chromosome) by Rainbow transgenics.   
 
Generating homologous recombinant line using ends out targeting technique 
 
In order to generate Tm1null, we took advantage of ends out targeting method (Gong and 
Golic, 2003). Gene region that is common in all isoform (135bp) was targeted for 
deletion.  
 
Left arm primers – Forward: 5’ GTTGGCCTTCTAGCTTTCTG 3’ 
         Reverse: 5’ GACAAACGTTCGATGGACGA 3’ 
Right arm primers – Forward: 5’ AGTACCACGTTACCATCTA 3’  
           Reverse: 5’ GGTCCCAGTTATGGATTCCA 3’ 
  
The left arm and right arm was amplified using above primers and w1118 genomic DNA 
as the template. The two ~3kb fragments were inserted into pW35 vector using Infusion 
cloning (Clontech) and was verified by sequencing. The cloned plasmid was amplified 
was injected into W1118 flies (Bestgene). The flies were crossed to hs-flp hs-ISceI /CyO 
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and heat shocked to excise and linearize the common exon targeting insert. Successful 
deletion/replacement with w+ was confirmed by PCR.  
  
Generating transgenic lines  
 
Tm1-I was amplified using specific primers and Drosophila EST LD11194 as a template. 
LD37158 was used for Tm1-A amplification. Since cDNA for Tm1-L did not exist, two 
PCR fragments amplified from RE08101 and LD37158 were combined to make full 
length Tm-L. The amplified sequences were cloned into HA-UASt vector for N terminal 
HA tag expression or EGFP-UASt vector for N terminal EGFP tagged protein. Some of 
the expression vectors were made by utilizing available Gateway vectors and its cloning 
system (Invitrogen). Cloned plasmid was verified by sequencing and sent to Bestgene for 
transgenic fly generation. Collection of UAS-EGFP-Tm1-A, UAS-EGFP-Tm1-I, UAS-
EGFP-Tm1-L, UAS-Tm1-A-RFP, UAS-Tm1-I-EGFP, UAS-HA-Tm1-A, UAS-HA-
Tm1-I, and UAS-HA-Tm1-L was made for this project.  
 
S2 R+ expression of Tropomyosin isoforms  
 
S2 R+ cells were plated onto 6 well plate with cover glass in each well. Different HA-
tagged Tm1 constructs under UAS promoter along with actin-Gal4 were transfected into 
S2 R+ cells induce expression using Effectene (Qiagen). The cells were incubated in RT 
for 48 hours before they were processed for immunohistochemistry. Briefly, 4% 
paraformaldehyde in PBS was used to fix for 10 minutes. After three washes using PBST 
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(1x PBS, 0.1% Triton-X100), the cells were incubated with mouse HA antibody (1:1000) 
and rat Tm-L antibody for 2 hours. Secondary antibodies conjugated with Alexa-568 
(mouse) and Alexa-488 (rat) was in 1:400 dilutions. Vectashield was used to mount 
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Table 1. List of available Tm1 reagents  
 
Mutant allele Isoform Reference 
Tm1su(flw)4 Tm1-I Vereshchagina et al., 2004 
Tm1zcl0722 Tm1-A, Tm1-I, Tm1-L Fly Trap 
Tm1pz2299 Tm1-A Tetzlaff et al., 1996 
Tm1null Tm1-A, Tm1-I, Tm1-L Cho et al. 2015 
UAS-Tm1-ARNAi Tm1-A Cho et al. 2015 
UAS-Tm1-LRNAi Tm1-L Cho et al. 2015 
UAS-Tm1-IRNAi Tm1-I VDRC 
UAS-EGFP-Tm1-I 
(HA or RFP tag) 
Tm1-I Cho et al. 2015 
UAS-EGFP-Tm1-A 
(HA or RFP tag) 
Tm1-A Cho et al. 2015 
UAS-EGFP-Tm1-L 
(HA tag) 
Tm1-L Cho et al. 2015 
 
Antibodies Isoform (s) From 
Tm1-L L Abcam (MAC 141) 
Tm1-A A and L Cho et al. 2015 




Figure 1. Drosophila Tm1 isoform composition 
 
Drosophila Tm1 gene (boxed) encodes 17 different isoforms. Coding exons are labeled 
in different colors to indicate shared exons among isoforms. Tm1-C and Tm-I; Tm1-G, 
Tm1-M, Tm1-J, and Tm1-O have the same amino acid composition but differ in their 3’ 
and 5’ untranslated region (UTR). Among these isoforms, only Tm1-L, Tm1-A and Tm1-
I are expressed in the egg chambers. Tm1-A and Tm1-L have very similar coding exon 
composition except that Tm1-L has extra 32 amino acid in the N-terminus (pink and 
green exons).  However, Tm1-I has very different exon composition compared to Tm1-A 
or Tm-L. The only common exon (sky blue) among these three isoforms is the common 
exon among all isoforms.  
 



















































Figure 2. Representative coiled coil structure of Tm1 isoforms expressed in  
 
Drosophila egg chamber 
 
x-axis shows amino acid position and y-axis shows the probability that the sequence will 
adopt a coiled-coil conformation. Tm1-A (A) and Tm1-L (B) show end-to-end coil 
structure whereas Tm1-I (C) show partial coiled coil stretch located in the amino acids 
270 to 370. The N terminal and C terminal of Tm1-I is composed of random proteins that 
does not give rise to coiled coil structure.  
 
The structure was determined using COILS program (http://embnet.vital-



























Figure 3. RT-PCR result of mRNA tagging experiment  
 
 
Follicle cell specific mRNA were isolated using slboGal4 driver. Only isoforms Tm1-A, 
Tm-I and Tm1-L were detected in follicle cells whereas Tm1-C, Tm1-A, Tm1-I, Tm1-Q, 
Tm1-L, Tm1-P and other muscle forms (Tm1-J, Tm1-N, Tm1-O, Tm1-M, Tm1-S) were 
detected in mRNAs extracted from whole ovary (positive control). Tm1-H, Tm1-F and 
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Figure 4. Analysis of commercial Tm monoclonal antibody  
 
 
Commercial antibody from Abcam was used to detect tropomyosin expression in the egg 
chambers. The antibody detected protein expressed in the border cells (A) and the stress 
fibers of the epithelial follicle cells (B).  
(C) Western blot analysis. Egg chamber lysate, along with purified His-Tm1-A and His-
Tm1-B protein were loaded onto SDS-PAGE gel. The monoclonal antibody detected 
~35kDa protein in the egg chamber lysate but did not detect the purified proteins. The 



















































Figure 5. Detection of Tm1-L expression using commercial Tm monoclonal antibody 
(A-C) S2R+ expression of isoforms and detection with HA and Tm1-L antibody. HA-
PA (A), HA-PI (B), and HA-PL (C) were detected using anti-HA antibody. Among the 
transfected constructs, only HA-PL was detected by Tm1-L antibody (C’’).  
(D) Overexpression of HA-PL in egg chambers. The HA-PL construct was 
overexpressed in subset of follicle cells. Tm1-L antibody detected the overexpressed 
construct (D’) which colocalized with HA antibody staining (D’’)  
(E) Expression of muscle Tm isoforms in muscle sheath enclosing the egg chamber.  
Phalloidin stains the actin filaments (red) and muscle Tm wraps around the actin 


















































Figure 6. Tm1-A and Tm1-I are expressed in the egg chamber 
 
(A) Tm1-A expression in egg chamber. Tm1-A is highly expressed in follicle cells 
including border cells. Since protein composition of Tm1-A and Tm1-L highly overlap, 
Tm1-A also detects Tm1-L.  
(B) Tm1-I expression in egg chamber. Tm1-I is highly expressed in follicle cells and 
germline cells. Tm1-I shows strong expression in nurse cells, in the cytoplasm and in the 
nurse cell – nurse cell junctions. Localization of Tm1-I is also detected in the posterior of 
the oocyte (arrow). 
 








































Figure 7. Specificity of Tm1-A/L and Tm1-I antibodies  
 
 
(A) Western analysis of purified His-Tm1-A and His-Tm1-I. Two purified proteins were 
blotted with Anti-Tm1-A and Anti-Tm1-I. Anti-Tm1-A only detected purified Tm1-A 
but not Tm1-I. Anti-Tm-I only detected purified Tm1-I but not Tm1-A, showing that the 
antibodies are specific for each antibody.  
(B) EGFP-Tm1-A is overexpressed in subset of follicle cells. Tm1-A/L antibody 
recognizes the overexpressed Tm-A (B’).  
(C) EGFP-Tm1-I is overexpressed in subset of follicle cells. Tm1-I antibody detects the 
Tm1-I in the follicle cells and also the overexpressed Tm-I (C’)  
























































Figure 8. Tm1 isoforms are highly expressed on the stress fibers in the basal layer of 
the epithelial follicle cells 
Wild type egg chambers were used and different Tm1 isoforms were detected using 
isoform specific antibodies. Phalloidin (red) is used to detect the actin structures in the 
follicle cells.  
(A) Tm1-L is expressed on the stress fibers. The image is from stage 11 egg chamber. In 
this stage, Tm1-L is highly expressed on the membrane of the follicle cell.  
(B) Tm1-I is expressed on the stress fibers. During stage 10, the Tm1-I is excluded from 
the cortical actin structures and only expressed on the stress fibers.   
(C) Tm1-A localizes to the stress fibers and the cortical actin structures. Since Tm1-A/L 
antibody recognizes both Tm1-A and Tm1-L, (C’’) shows both isoforms.  
 






















Figure 9. Tm1 mutant border cells show migration defect  
 
 
(A-D) Stage 10 control and Tm1 mutant egg chambers. Homozygous mutant follicle cells 
(GFP+) are generated by MARCM. DAPI (blue) stains the nucleus and phalloidin (red) 
detects the actin filaments. Compared to control, where border cells reached the border of 
the oocyte by stage 10 (A), different homozygous mutant Tm1 border cells show 
incomplete migration (B-D).  
(E) Quantification of border cell migration defect. Percentage of stage 10 egg chambers 
with border cells migration defect was counted. Red bar indicates no migration, yellow 
bar migrated less than 50%, blue bar migrated more than 50% but not complete and green 
bar indicates complete migration. 95% of control egg chambers had border cells complete 
their migration. About 50~80% of egg chambers with different homozygous mutant Tm1 

































Figure 10. Tm1 null follicle cells show absence of Tm1-L, Tm1-A and Tm-I 
expression 
(A) Tm1 null line is made by homologous recombination. Tm1 gene and its exon 
composition are shown. The exon that is common to all isoform (sky blue) is replaced 
with w+ gene. 
(B) Tm1-L expression detected with Tm1-L antibody. Homozygous Tm1 null cells (GFP  
positive) show absence of Tm1-L expression compared to GFP negative wild type cells.  
(C) Tm1-A/L expression is detected with Tm1-A/L antibody. Homozygous Tm1 null 
cells (GFP positive) show absence of Tm1-A/L expression compared to GFP negative 
wild type cells.  
(D) Tm1-I expression detected with Tm1-I antibody. Homozygous Tm1 null cells (GFP 
positive) show highly reduced Tm1-I expression compared to GFP negative wild type 
cells.  



















Figure 11. Tm1 null border cells show absence of Tm1-L, Tm1-A and Tm-I  
expression. 
Border cell cluster with subset of cells that is homozygous mutant border cell were 
generated using MARCM protocol with Tm1 null flies. In all samples, GFP positive cells 
are homozygous null cells; nucleus is marked with DAPI and Tm1 isoform staining is 
shown in red. 
(A) Tm1-L expression (B) Tm1-A\L expression (C) Tm1-I expression. 
(D) Quantification of Tm1 null border cell migration defect. Only whole homozygous 
null border cells were counted for migration defect. 70% of the stage 10 egg chambers 
with homozygous null border cells showed border cell migration defect.  


























Figure 12. Tm1-A functions in border cell migration  
 
(A) Quantification of Tm1pz2299 and Tm1-A RNAi migration defect. 60% of stage 10 egg 
chambers that has homozygous Tm1pz2299 mutant border cells showed migration defect. 
Re-expressing Tm1-A restored the migration completion to 70% whereas re-expressing 
Tm1-I did not have significant effect. Tm1-A RNAi expressing border cells showed 
normal migration activity.  
(B) Reduction of Tm1-A determined by Tm1-A/L antibody (B’) in Tm1pz2299 
homozygous mutant follicle cells (B’’).  
(C) Reduction of Tm1-A determined by Tm1-A/L antibody (C’) in Tm1-A RNAi 

























Figure 13. Tm1 isoform expressions in Tm1su(flw)4 homozygous mutant follicle cells   
 
 
(A) Level of Tm1-I detected with Tm1-I antibody in homozygous Tm1su(flw)4 mutant 
cells. GFP positive cells are homozygous mutant cells. Compared to wild type cells (GFP 
negative), homozygous mutant cells show reduction of Tm1-I (A’).  
(B) Level of Tm1-A/L in Tm1su(flw)4 mutant cells detected with Tm1-A/L antibody. GFP 
positive cells are homozygous Tm1su(flw)4  mutant. The mutant cells show slight increase 
in Tm1-A/L level in the apical layer of the follicle cells compared to neighboring wild 
type cells (GFP negative). Also, smaller follicle cells are noticeable in homozygous 
Tm1su(flw)4  mutant cells.  
(C) Level of Tm1-L in Tm1su(flw)4 mutant cells detected with Tm1-L antibody. GFP 
positive cells (C’’) are homozygous Tm1su(flw)4  mutant. The mutant cells show slight 
increase in Tm1-L level in the apical layer of the follicle cells compared to neighboring 
wild type cells (GFP negative).   
























Figure 14. Tm1-I functions in border cell migration   
 
 
(A) Quantification of Tm1su(flw)4 and Tm1-A RNAi migration defect. 80% of stage 10 egg 
chambers that has homozygous Tm1su(flw)4 mutant border cells showed migration defect. 
Re-expressing Tm1-A did not effect border cell migration such that migration defect was 
comparable to Tm1su(flw)4 clones. However, re-expressing Tm1-I rescued the border cell 
migration defect, resulting in 80% of stage 10 egg chambers completing migration. 40% 
of stage 10 egg chambers that expressed Tm1-I RNAi also showed border cell migration 
defect.  
(B) Level of Tm1-I is reduced in Tm1-I RNAi expressing follicle cells, showing that 
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Figure 15. Tm1-L is not required for border cell migration  
 
 
(A) Border cell cluster with subset of cells expressing Tm1-L RNAi. Tm1-L expression 
(A’) is absent only in cells where Tm1-L RNAi is expressed (A’’, GFP positive cells)   
Scale bar, 10 μm 
(B) Quantification of border cell migration index in Tm1-L knock down cells. Control 
(slbo-Gal4, LifeAct-GFP) and Tm1-L RNAi expressed with slbo-Gal4, LifeAct-GFP 




















(A) Level of actin filaments detected by phalloidin staining in Tm1 null homozygous 
mutant cells. . GFP positive cells are homozygous mutant cells for Tm1. Compared to 
GFP negative wild type cells, GFP positive cells show decrease in phalloidin (RFP) 
staining indicating reduction of actin filaments in mutant cells.  
(B) Level of non-muscle myosin light chain detected by sqh-mcherry in Tm1 null 
homozygous mutant cells. GFP positive cells are homozygous mutant cells for Tm1. 
Compared to wild type cells (GFP negative), GFP positive cells show increase in mcherry 
staining, indicating high level of non-muscle myosin activity.  
(C) Quantification of sqh-mcherry and phalloidin (RFP) level in mutant and wild type 
cells. Sqh-mcherry level shows almost 2-fold increase while phalloidin level is reduced 
about 40%. 


































Figure 17. Tm1-A or Tm1-L is not required for stress fiber regulation 
 
 
(A) Level of actin filament detected by phalloidin staining in homozygous Tm1pz2299 
mutant cells. GFP positive cells are homozygous mutant cells. These cells show 
comparable level of actin filaments with wild type cells (GFP negative). 
(B) Level of actin filament detected with phalloidin staining in Tm1-A RNAi expressing 
cells. Tm1-A RNAi is expressed in RFP positive cells. Tm1-A reduced cells and wild 
type cells show comparable level of actin filaments.  
(C) Follicle cell clone with Tm1-L RNAi expression. Tm1-L expression (C’) is absent 
only in cells where Tm1-L RNAi is expressed (C’’, RFP positive cells)  
(D) Phalloidin staining to show actin filament expression. Phalloidin staining of actin 
bundles (D’) show unaltered in Tm1-L RNAi is expressing RFP positive cells (D’’)  
























Figure 18. Tm1-I regulates stress fibers and Myosin II accumulation  
 
 
(A) Level of actin filament detected by phalloidin staining in Tm1-I RNAi expressing 
cells GFP positive. Cells with reduced Tm1-I show reduction in actin filaments detected 
by phalloidin staining (A’).   
(B) Level of non-muscle myosin light chain detected by phosphorylated non-muscle 
myosin light chain antibody in Tm1-I RNAi expressing GFP positive cells.. Cells with 
reduced Tm1-I show 40% reduction in myosin light chain activity (B’) compared to wild 
type cells.   
(C) Level of actin filament detected by phalloidin staining in homozygous Tm1su(flw)4 
mutant cells. GFP positive cells are homozygous mutant cells. Compared to wild type 
cells (GFP negative), homozygous mutant cells show 40% reduction of actin filaments 
detected with phalloidin staining (C’).  
(D) Level of non-muscle myosin light chain detected by sqh-mcherry in Tm1su(flw)4 
homozygous mutant cells. GFP positive cells are homozygous mutant cells. Compared to 
wild type cells (GFP negative), GFP positive cells show 40% reduction of mcherry 


























Figure 19. Tm1su(flw)4 mutant follicle cells show reduced cell area  
 
 
(A) Tm1su(flw)4 homozygous mutant follicle cells are indicated by the absence of GFP 
expression. Phalloidin staining marks the actin structures (A’).   
(B) Quantification of cell area. GFP positive wild type cells and GFP negative Tm1su(flw)4 
homozygous mutant follicle cell area was measured with ImageJ. Since follicle cells vary 
in their size according their location in the egg chamber, we specifically selected wild 
type and mutant cells that are side by side and compared their area. Compared to the wild 


































Figure 20. Tm1 isoforms interact with each other to regulate their function and 
expression  
   
(A) Overexpression of Tm1-A in subset of follicle cells (GFP positive cells) show slight 
increase in Tm1-I level. Since Tm1-I and Tm1-A antibodies do not cross react, this 
detection is due to more expression of Tm1-I caused by Tm1-A or more stabilized Tm1-I 
due to Tm1-A overexpression. 
(B) Reduction or absence of Tm1-A by Tm1-A RNAi in RFP positive cells show 
reduction of Tm1-I (B’, GFP) compared to RFP negative wild type cells.   
(C) Reduction or absence of Tm1-A in epithelial follicle cells excludes Tm1-L 
expression from the cell edge. Tm1pz2299 homozygous mutant follicle cells are indicated 
by positive GFP. Tm1-L expression level in mutant cells is comparable to that of the wild 
type. While Tm1-L is expressed in the cell edge and in stress fibers of wild type follicle 
cells, Tm1-A reduced cells show loss of Tm1-L expression in the cell edge.  




























































Psidin, a conserved protein that regulates lamellipodia dynamics 
  
Mutations in the gene Psidin (Psid) were discovered in our lab in a genetic screen of 
lethal mutations on chromosome 3R that cause border cell migration defects in mosaic 
clones (Kim et al., 2011). Psid is a 948 amino acid long protein, in which the only 
recognizable sequence motifs are a tetratricopeptide domain in the N-terminus and a 
partial coiled coil in the C-terminus. In cultured S2 cells, Psid overexpression enhanced 
lamellipodia dynamics, while knockdown of the protein reduced the dynamic activity. A 
similar phenotype was observed in MCF10A breast epithelial cells in a wound healing 
assay when the Psid human homolog C12orf30 was either knocked down or 
overexpressed. 
Since Psid regulated actin dynamics, to gain further insight into its mechanism of 
action, we tested for genetic interaction of Psid with other actin regulatory proteins. 
Briefly, Psid was overexpressed in the border cells in the background of heterozygous for 
mutations in genes such as Rac, Cofilin, Slingshot, and Tropomyosin (Tm1). Among 
these genes, only mutations in Tm1 caused a border cell migration defect, with mutations 
in 27% to 50% of the stage 10 egg chambers. Genetic interactions have also been 
described between the yeast Psidin homolog called MDM20 and yeast Tropomyosin 






Tropomyosin and Psidin null border cells show rescue in border cell migration 
defect  
 
Border cells mutant for psid showed approximately 80% migration defect. Tm1 mutant 
border cell analysis also showed 80% migration defect. Since Tm loss of function 
mutations enhanced the Psid overexpression phenotype in border cells, we tested whether 
Tm loss of function would suppress the Psid loss of function phenotype. Strikingly, when 
the level of both proteins was reduced simultaneously, the border cell migration defect 
was rescued (Figure 1). This result suggests that the two genes have antagonistic 
functions in regulating border cell migration.  
 
The Psidin - actin interaction is disturbed in the presence of Tropomyosin  
 
Since we observed a genetic interaction between Psid and Tm in vivo, we tested for their 
interaction using a biochemical assay. Using purified Psid and Tm-I proteins, we 
performed an actin co-sedimentation assay to see if the presence of either protein 
interfered with the other’s binding to actin. First, we confirmed that both Tm-I and Psid 
bind to actin filaments in a F-actin pelleting assay. Second, we compared the level of 
Tm1-I in the actin pellet in the absence or presence of purified Psid. Interestingly, Tm1-I 
pelleted 3.5 fold less in the presence of Psid (Figure 2), showing that Psid interferes with 




Drosophila border cell migration is a favorable, genetically tractable model system that 
allowed us to identify numerous genes and pathways that govern cell migration. 
Specifically, border cell specification, timing of their delamination, and their control of 
directionality have been identified (Pocha and Montell, 2014).  
Cell migration has been highly investigated using cultured cells, and many actin-
regulating factors that govern the actin dynamics in lamellipodia have been identified 
(Pollard and Borisy, 2003). However, it is not clear to what extent we can apply these 
finding in vivo because there are many more factors involved in a cellular environment. 
Fortunately, border cell migration, along with its developed live imaging technique, 
provides us with a wonderful in vivo system to study actin dynamics in vivo. Using this 
system, we have identified a conserved, but poorly characterized protein Psid. Psid binds 
to F-actin to regulate its dynamics in vivo. Altering its expression level affected 
protrusion dynamics in both border cells and S2 cells. In addition, the Psid human 
homolog was shown to have a similar phenotype in mammalian cells when the level was 
altered.  
Our functional study of Psid showed that Psid and Tm1 have antagonistic 
functions in regulating the lamellipodia dynamics (Figure 3). Specifically, Psid and Tm1 
showed genetic interactions when regulating actin dynamics during border cell migration. 
In a recent study, it was found that Psid is a regulator of Drosophila olfactory 
development (Stephan et al., 2012). When Psid was mutated, the growth cones of 
cultured primary neurons showed significantly smaller lamellipodia. Tm1 mutant neurons 
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alone did not have any detectable phenotype. However, the Psid mutant phenotype was 
suppressed by parallel reduction of Tm1, suggesting that Psid promotes actin dynamics 
by restraining Tm1 activity. These results suggest that Psid and Tm1 function 
antagonistically in various tissues in Drosophila. In addition, Psid has been shown to 
physically bind to the Drosophila catalytic subunit of N-acetyltransferase complex B 
(NatB;dNAA20). The complex is known to acetylate cytosolic proteins on their N 
terminus. Mutant psid that showed reduced binding to dNAA20 also showed reduced 
olfactory receptor neuron survival, implicating a dNAA20-dependent role of Psid during 
cellular functions. These studies suggest that Psid uses evolutionary conserved pathway 
to serve actin dynamics.  
 
Which of the Tm1 isoforms is the Psid interacting with?  
 
We observed that Tm1 and Psid show antagonistic functions during border cell migration 
by using available a Tm1 mutant line, Tm1zcl0722. The mutant fly was made by random 
insertion of an artificial exon encoding GFP in the chromosome (FlyTrap). Because 
nothing was known about the mutant line, we did not know which Tm1 isoform was 
affected by the GFP insertion.  However, recent generation of antibodies has allowed us 
to identify that Tm1zcl0722 flies lacked isoforms Tm1-L and Tm1-A and almost no Tm1-I, 
making the line close to null.  Preliminary data shows that border cells that are 
homozygous mutant for psid have slight elevation in Tm1-L level, but unchanged Tm1-A 
and Tm1-I levels. It would be interesting to test if any of the isoform specific mutations 
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or RNAi exhibits the same genetic interaction as Tm1zcl0722, or if loss of all isoforms is 
necessary for the genetic effect.   
 
Psid-Tm and other actin regulating proteins to regulate lamellipodial dynamics  
 
A biochemical assay with Psid and Tm1 suggests a direct interaction in regulating actin 
filaments. However, as many in vitro studies suggest, there are many more proteins that 
possibly interact with tropomyosin, such as cofilin or the Arp2/3 complex (Blanchoin et 
al., 2001; Ono and Ono, 2002). Our analysis showed that a psid mutation and the 
Drosophila gene encoding cofilin, known as twinstar, interact genetically. However, 
Psid-cofilin interaction was not observed in the biochemical analysis, suggesting that the 
interaction is indirect. Perhaps Psid-mediated antagonism of Tm1 enhances cofilin’s 
access to filaments and thus its activity. Psid-Tm1-cofilin interaction was also suggested 
by Stephan et al (Stephan et al., 2012). Taken together, these studies have enhanced our 


















Material and Methods 
Drosophila Strains and Genetics 
Mosaic clones were generated by crossing FRT82B, psid55D4 flies with hsp70-FLP; 
FRT82B, ubiGFP or hsp70-FLP; FRT82B, Arm-lacZ. Tm1zcl0722 or Tm1su(flw)4 mutant 
mosaic clones were generated in the same way using FRT82B recombined mutant alleles. 
hsp70-FLP,tubGal4,UAS-GFP-nls; FRT82B, tubGal80 was used to positively mark the 
homozygous mutant border cells. To make the Psid and Tm1 double mutant line, 
FRT82B, Tm1zcl0722 was recombined with psid55D4 on the third chromosome. The flies 
were then crossed with hsp70-FLP; FRT82B, Arm-lacZ to make mosaic egg chambers. 
Heat shock at 37°C was performed for one hour, two times a day for three days; the 
ovaries were dissected 5 to 8 days after the heat shock.  
 
Immunohistochemistry and Imaging 
Ovaries were dissected in Schneider’s medium (GIBCO) supplemented with 10% FBS 
(Sigma) and fixed for 15 minutes in 4% paraformaldehyde. After three, 15 minute washes 
with PBT (1x PBS, 0.1% Triton x-100) the egg chambers were blocked with PBT block 
(1x PBT, 5% goat serum) for 2 hours at room temperature or overnight at 4°C. B-gal 
antibody 1:2000, anti-Armadillo 1:50, anti-Tm1-L 1:5000, anti-Tm1-A, and anti-Tm1-I 
primary antibodies were incubated overnight. Fluor-conjugated goat anti-rabbit or anti-




To purify Psid, His-tagged Psid was expressed in S2 cells. 200ml culture containing 5 x 
106 cell/ml was induced overnight with 1mM CuSO4. Cells were harvested and washed 
with PBS followed by lysis in binding buffer (5mM imidazole, 20mM Tris-HCl (pH 8.0), 
0.2% Triton-X 100, 150mM KCl, 5% Glycerol, 5mM 2-mercaptoethanol, 1:500 protease 
inhibitor cocktail (roche)) for 1hr at 4°C. The supernatant was allowed to flow through a 
His-bind column charged with Ni-NTA(Novagen), after which the protein was eluted 
with 200mM imidazole in binding buffer.  
 
Full length Tm1-I was amplified using specific primers with Drosophila EST LD11194 
as a template. The cloned product was inserted into pGEX vector and transformed into 
bacteria. Tm-I was induced using 0.8mM IPTG overnight at room temperature. Cells 
were harvested with GST-binding buffer (25mM Tris (pH7.5), 150mM KCl, 1mM 
EDTA, 1:500 protease inhibitor cocktail (roche)) and lysed by sonication. After 
centrifugation, the supernatant was allowed to flow through glutathione-agarose resin 
overnight at 4°C. Finally, the protein was eluted with 10mM glutathione in GST-binding 
buffer.  
  
In vitro Actin co-sedimentation assay  
Actin co-sedimentation assays were performed according to the manufacturer’s protocol 
(Cytoskeleton). Briefly, 0.05 - 1µM Psid and 0.5µM Tm1 were incubated with 4µM F-
actin for 1 hr in F buffer (5mM Tris-HCl pH 8.0, 0.2mM CaCl2, 50mM KCl, 2mM 
MgCl2, 1mM ATP). Beckman Airfuge (Beckman-Coulter) was used to centrifuge the 
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sample mixture at 150,000g for 1 hour. The supernatant and pellet were then separated 
for western blotting.  
 
GST antibody 1:1000 (Cell signaling), Psid antibody 1:1000, and actin antibody 1:2000 
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Figure 1. Migration defect caused by Tm1 mutant border cells  
(A-C) GFP positive cells are Tm1su(flw)4 mutant border cells. (D-F) Tm1zcl0722 is a GFP 
trap line that makes the mutant border cells marked with GFP. (E) Negative βGal shows 
the mutant border cells. (G-I) Psid-Tm double mutant border cell migration.  
Yellow arrows point to border cells and white arrows point to centripetal cells indicating 
the egg chambers are at stage 10.  
Scale bars, 50 μm 
(J) Histogram of Tm1 mutant border cell migration defect and Psid-Tm1 rescue. Stage 10 
egg chambers with no or incomplete border cell migration were counted. Red bar 
indicates no migration, yellow bar migrated less than 50%, blue bar migrated more than 
50% but not complete, and green bar indicates complete migration. Similar migration 
defect was seen in Psid mutant border cells and in Tm1 mutant border cells (80%). 
However, border cells knocked down in both Psid and Tm1 showed slight rescue (60% 


















Figure 2. Biochemical analysis of Psid and Tm1  
(A) Purified GST-Tm-I binds to Actin filaments in an F-actin sedimentation assay.  
(B) Purified Psid binds to actin filaments. The presence of Psid interferes with the 
binding of Tm-I to actin filaments. Each protein was visualized on Western blot using 
anti-actin, anti-GST and anti-Psid antibodies.  
(C) Quantification of co-sedimentation assay. The representative is the average of four 




































Figure 3. Schematic diagram of complementary distribution and antagonizing 
functions of Tm1 and Psid 
Psid localizes to the lamellipodia (green) and binds to dynamic actin filaments (red) to 
promote assembly and disassembly. In the lamellipodia, presence of Psid inhibits binding 
of tropomyosin to the actin filaments, excluding its localization to the lamella area. 
Tropomyosin shows high concentration in the lamella where it binds to the actin 
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